Background: Cyanobacteriochrome photoreceptors have diverse spectral properties and regulate photosynthetic antenna composition and motility of cyanobacteria. Results: A blue/green-responsive cyanobacteriochrome SesA is a blue light-dependent diguanylate cyclase and induces cell aggregation of Thermosynechococcus under blue light. Conclusion: SesA regulates sessility in a light-dependent way likely via cyclic diguanylate signaling. Significance: SesA is the first cyanobacteriochrome photoreceptor that regulates sessility.
Light is a fundamental environmental factor especially for photosynthetic organisms, which employ various kinds of pho-toreceptors to sense and then adapt to their light environments (1) . Cyanobacteriochromes (CBCRs) 3 are a class of photoreceptors (2, 3) . CBCRs covalently bind a linear tetrapyrrole (bilin) chromophoreinthecGMPphosphodiesterase/adenylylcyclase/ FhlA (GAF) domain and respond to a wide spectral range of light from near-UV to red. CBCRs are distantly related to phytochromes that also bind a bilin chromophore, although the phytochromes respond mainly to red and far-red light (3) (4) (5) . CBCRs are widely distributed in cyanobacteria, and a variety of CBCRs has been found, especially in freshwater species. Phytochromes are also found in some bacteria, fungi, algae, and plants but retain their red/far-red type spectral properties. The marked difference between these two classes of photoreceptors can be ascribed to the domain architectures of their photosensory modules as follows: CBCRs contain only the chromophore-binding GAF domain, and phytochromes usually require a tandem arrangement of PAS (Per/ARNT/Sim), GAF, and phytochrome-specific domains for a fully functional photocycle (3, 4) . Crystal structures of CBCR photosensory GAF domains have recently been solved, giving us additional insight into their intra-protein signaling mechanisms (6 -8) .
Although the photochemistry of the various CBCRs has been extensively studied (9, 10) , their output activities and physiological roles have not been fully elucidated. Several signaling output domains are associated with the CBCR-type GAF domain, including the histidine kinase domain, the methyl-accepting chemotaxis domain, and the GGDEF/EAL domains, although other CBCRs do not harbor any known output domain. The best characterized output domain is the histidine kinase domain in CcaS of Synechocystis and Nostoc punctiforme. CcaS is a green light sensor, which induces autophosphorylation and phosphotransfer to its cognate response regulator, which then induces expression of phycobilisome-related genes (11, 12) . Another protein containing a histidine kinase domain is RcaE, which is a red light sensor that autophosphorylates and eventually induces expression of many phycobilisome-related genes in Fremyella diplosiphon (13, 14) . PixA/ NirS is probably a UV sensor that induces gene expression involved in the negative phototaxis in Synechocystis, although the output activity of its histidine kinase-like domain has not been clearly demonstrated (15, 16) . SyPixJ1 is likely a blue light sensor that induces the suppression of positive phototaxis (17, 18) , although the output activity of its methyl-accepting chemotaxis domain has not been studied. Most CBCRs with a GGDEF/EAL domain have not been characterized yet except for that of a fragment of the phytochrome-CBCR composite protein Cph2, which regulates motility in Synechocystis (19) .
The universal bacterial second messenger c-di-GMP generally induces sessile multicellular lifestyles and represses planktonic single cellular ones (20) . The GGDEF domain contains a diguanylate cyclase activity for the synthesis of c-di-GMP (21), whereas the EAL domain degrades c-di-GMP via its phosphodiesterase activity (22) . Generally, many GGDEF/EAL domains are encoded in cyanobacterial genomes (20) (e.g. up to 58 genes in Acaryochloris marina), suggesting that c-di-GMP signaling is important in cyanobacteria (19, 23, 24) . Some of these encoded cyanobacterial proteins also contain a CBCR-type GAF domain. The thermophilic cyanobacterium Thermosynechococcus elongatus strain BP-1 harbors three such genes (tlr0924, tlr1999, and tlr0911) in the genome (25) , and a close relative Thermosynechococcus vulcanus strain RKN is known for its cellulose-dependent cell aggregation under irradiation at low temperature conditions (at 31°C compared with optimum temperature at 45°C) (26, 27) . These observations prompted us to study light-responsive c-di-GMP signaling using Thermosynechococcus as the model cyanobacterium. Tlr0924 possesses one CBCR-GAF domain and one GGDEF domain ( Fig. 1A) , whereas Tlr1999 and Tlr0911 possess both GGDEF and EAL domains. Given its simple domain composition, we chose Tlr0924 as the initial target for the study of CBCR-mediated c-di-GMP signaling in cyanobacteria.
Herein, we show that Tlr0924 is a blue light-activated diguanylate cyclase that induces cell aggregation in Thermosynechococcus. Given our data, we propose and use the name "sesA (SesA; Sessility-A)" for tlr0924 (Tlr0924). This study reveals that the CBCR modulates the sessile/planktonic lifestyles of cyanobacteria by c-di-GMP regulation.
EXPERIMENTAL PROCEDURES
Protein Preparation-Plasmid construction and His-tagged protein expression/purification using the cyanobacterial and Escherichia coli expression systems were performed as described (28, 29) . In both cases, the full-length sesA was amplified from the T. elongatus BP-1 genome, with the primers 5Ј-CCCATATGGAGCAGTTGAGTTCAG-3Ј and 5Ј-CCCG-GATCCTCACGATAGCTCCCTAGC-3Ј, and cloned into the slr2031-based Synechocystis expression system (29) and pET28a (Novagen, Madison, WI).
SDS-PAGE and Spectroscopy-SDS-PAGE with Coomassie Brilliant Blue or the zinc-enhanced fluorescent staining were performed as described (30) . Absorption spectra were recorded at room temperature using a UV-2400PC spectrophotometer (Shimadzu). For blue light irradiation, light-emitting diodes with max ϭ 460 nm (full-width at half-maximum (FWHM) ϭ 23 nm, EIL53-3B, Toyoda Gosei) were used. For green light irradiation, light-emitting diodes with max ϭ 515 nm (FWHM ϭ 28 nm, EIL53-3G, Toyoda Gosei) were used. For acid/urea denaturation, proteins of Pg form (C15-E) were denatured in 8 M urea, pH 2.0, at room temperature in the dark and then converted almost irreversibly to C15-Z by irradiation with white light (28) . For native proteins, the peak wavelengths were obtained from the difference spectra (the Pb form Ϫ the Pg form) to avoid the effect of contaminating chlorophyll when prepared in a cyanobacterial expression system.
Diguanylate Cyclase Activity Assays-The product of SesA catalysis was identified using an HPLC-based assay in conjunction with mass spectrometry (MS). Each reaction (50 l of 50 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 40 M GTP, 1.0 M SesA) was incubated at 25°C for 10 min. The reactions were stopped by sequentially adding 0.5 M EDTA (25 l) and 1 M triethylammonium formate (25 l). Each sample was chromatographed through a C18 column (150 ϫ 4.6 mm inner diameter., YMC Pack Pro C18, YMC Co.) under the control of a Shimadzu LC-10Ai HPLC system. The following buffers served as the eluents: buffer A (25 mM triethylammonium formate, 2% (v/v) methanol, pH 6.0) and buffer B (25 mM triethylammonium formate, 90% (v/v) methanol, pH 6.0). The gradient program (where the values are in minutes and percentage of buffer B, respectively) was as follows: 0, 0; 13, 0; 20, 5; 45, 30; 50, 100; 55, 100; and 60, 0 at a flow rate of 0.4 ml min Ϫ1 . Nucleotide absorbance was detected at 256 nm.
For MS, the peak at 39 min was dried in a centrifugal evaporator and dissolved in 10 l of water. One l of the solution was spotted onto a MALDI plate. The sample was dried, and 0.5 l of 10 mg/ml 9-aminoacridine hemihydrate (Acros Organics) in 90% (v/v) methanol was spotted onto the sample. For MS, a MALDI-TOF mass spectrometer (AXIMA CFRplus, Shimadzu) was used, and for tandem MS (MS/MS and MS/MS/ MS), a MALDI-quadrupole ion-trap TOF mass spectrometer (AXIMA QIT, Shimadzu) was used.
For the kinetic measurements, the amount of inorganic pyrophosphate, a by-product of c-di-GMP synthesis, was monitored at 360 nm by a UV-2400PC spectrophotometer using EnzChek pyrophosphate assay kit reagents (Invitrogen) (31) . The kit includes inorganic pyrophosphatase, which catalyzes conversion of inorganic pyrophosphate into 2 eq of inorganic phosphate. In the presence of inorganic phosphate, the substrate 2-amino-6-mercapto-7-methylpurine ribonucleoside was enzymatically converted to ribose 1-phosphate and 2-amino-6mercapto-7-methylpurine, which shows the absorption at 360 nm. Each reaction contained 50 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 100 M GTP, and 0.5 M SesA. The reactions were incubated at 25°C. As a control, 100 M ATP was substituted for GTP, with all other conditions kept the same.
Strains and Cultures-The thermophilic cyanobacterium T. vulcanus strain RKN was cultured at 45°C (normal temperature) or 31°C (low temperature) in BG11 medium (32) under continuous illumination provided by white fluorescent lamps (30 mol photons m Ϫ2 s Ϫ1 ), and bubbled with air containing 1.0% (v/v) CO 2 . Culture absorbance was monitored at 730 nm.
Cell Aggregation-Cells grown at 45°C were diluted to give a culture OD 730 nm of ϳ0.3 and then cultured at 31°C under photosynthetic red light (light-emitting diodes; max ϭ 639 nm, FWHM ϭ 13 nm, L645-04V, Epitex Japan, 30 mol photons m Ϫ2 s Ϫ1 ). The cells were irradiated with blue or green light (5 mol photons m Ϫ2 s Ϫ1 ) in certain cases. The cellulose-dependent cell aggregation was evaluated as the aggregation index (26) . Briefly, cell suspensions were thoroughly mixed, and aliquots were transferred to cuvettes. Aggregated cells had mostly precipitated to the bottom of the cuvette after standing for 30 min at room temperature. The OD 730 of the remaining supernatant was measured as OD NA (i.e. OD 730 of nonaggregated cells). Cellulase was added to the suspension, and the mixture was incubated for 20 min at 37°C to disperse the aggregated cells completely. The OD 730 of the resulting cell suspension without aggregation, OD total , was measured. OD total was also used for analyses of cell growth. The aggregation index was defined as: aggregation index (%) ϭ ((OD total Ϫ OD NA )/OD total ) ϫ 100.
Gene Disruption-The T. elongatus genomic region, including sesA (tlr0924), was PCR-amplified (AmpliTaq Gold DNA Polymerase; Applied Biosystems). The primers were 5Ј-GTC-AGCCAAGGTAGGATGATG-3Ј and 5Ј-CCCGGATCCTCA-CGATAGCTCCCTAGC-3Ј. The PCR product was cloned into a pT7Blue T-vector (Novagen), and sesA in the plasmid was interrupted at the EcoRV site with a chloramphenicol resistance cassette.
Because T. vulcanus and T. elongatus are very closely related, the disrupted T. elongatus sesA construct was efficiently introduced into T. vulcanus according to Ref. 33 . Chloramphenicol (3.4 g ml Ϫ1 ) was added into the medium to maintain the mutant cells. Gene disruption with full segregation in multiple copies of the genome was confirmed by PCR (data not shown).
The DNA construct for the disruption of tll0007 cellulose synthase was made using In-Fusion system (TaKaRa, Ohtsu, Japan). PCR-Script was amplified by PCR with the primers (5Ј-GGGCTAGAGCGGCCGCCA-3Ј and 5Ј-GGGCGGATCCC-CCGGGCT-3Ј) and PCR-Script vector (Agilent Technologies, La Jolla, CA). A chloramphenicol resistance cassette was amplified by PCR with the primers (5Ј-AGCGCTGATGTCC-GGCGG-3Ј and 5Ј-AGGCCTGCTAACCGTTTT-3Ј) and a chloramphenicol-resistant vector (33) . For amplifying the upstream and the downstream region of tll0007 by PCR, we used the primers 5Ј-CCGGGGGATCCGCCCGGCGGCTTAGCG-GGGCAA-3Ј, 5Ј-CCGGACATCAGCGCTCGGCAGGGAC-CCTAAAAA-3Ј and 5Ј-ACGGTTAGCAGGCCTCCCATGGG-CTCATGGCTG-3Ј, 5Ј-CGGCCGCTCTAGCCCGTATTATTC-GCACATGGC-3Ј, respectively.
The DNA construct for the truncation of the PilZ domain of tll0007 was also made using In-Fusion system. PCR-Script was amplified as described above. A chloramphenicol resistance cassette was amplified by PCR with the primers 5Ј-GCCGTA-AAGCGCTGATGTCCGGCGG-3Ј and 5Ј-CCCATGGGAG-GcctGCTAACCGTTTT-3Ј and a chloramphenicol-resistant vector. For amplifying the upstream and the downstream region of the PilZ domain of tll0007 by PCR, we used the primers 5Ј-CCGGGGGATCCGCCCTTCATTGTCATTCTTTTT-3Ј, 5Ј-TCAGCGCTTTACGGCTGGTCAATAGACGA-3Ј and 5Ј-CAGGCCTCCCATGGGCTCATGGCTG-3Ј, 5Ј-CGGCCGCTC-TAGCCCGTATTATTCGCACATGGC-3Ј, respectively.
RESULTS AND DISCUSSION
Spectral Properties-We prepared full-length T. elongatus BP-1 SesA in a cyanobacterial expression system (Fig. 1, A and  B) . The holoprotein reversibly photoconverted between a blue light-absorbing form (Pb; max ϭ 436 nm) and a green lightabsorbing form (Pg; max ϭ 538 nm; Fig. 1B ). We could not observe dark reversion at ambient temperature, showing that the Pb and Pg are stable in the dark. We can deduce the chromophore species and configurations according to the light-induced difference spectrum of the acid/urea-denatured protein by removing any modifications with the protein (28) . The SesA chromophore was homogeneously phycoviolobilin (PVB) (Fig.  1C) . We also prepared SesA in an E. coli expression system and that protein photoconverted in a very similar manner as the one from the cyanobacterial system ( Fig. 1D ). Unlike SesA produced in the cyanobacterial system, the E. coli-produced SesA contained a small amount of phycocyanobilin (PCB) (Fig. 1 , C and D, in which an arrow identifies the PCB peak in the spectrum of native SesA from E. coli) (34) . The spectral properties of SesA from E. coli are almost identical to those reported previously (34 -36) . Chromophore heterogeneity is common for PVB-type CBCRs produced in E. coli (30, 34, 37) . During assembly of the holoprotein, PCB is isomerized to PVB after PCB is covalently linked to the apoprotein (37) . The chromophore heterogeneity found for SesA from E. coli suggests that isomerization is not efficient in E. coli. There may be a chromophore maturation factor in cyanobacterial cells. Another drawback associated with the E. coli system is that small amounts of other proteins were co-purified with SesA ( Fig. 1D ), which did not occur when the cyanobacterial system was used.
Diguanylate Cyclase Activity-Because SesA contains a GGDEF domain, which is implicated in c-di-GMP synthesis, we characterized the ability of SesA to convert GTP into c-di-GMP. We used an HPLC/MS-based assay for this purpose. SesA prepared from the cyanobacterial system converted GTP to a second compound (retention time, 39 min; Fig. 2 ), and this conversion occurred to a greater extent under blue light irradiation (the Pg form) than under green light irradiation (the Pb form; Fig. 2 ). The combination of MS, MS/MS, and MS/MS/MS definitively identified this peak as c-di-GMP (supplemental Fig.  S1 ). Therefore, SesA is a blue light-activated diguanylate cyclase.
We also measured the reaction rate for the diguanylate cyclase activity of SesA using an assay that measures the amount of pyrophosphate, which is a by-product of diguanylate cyclase reaction (31) . SesA had a reaction rate of 1.89 Ϯ 0.09 mol PP i ⅐mol protein Ϫ1 ⅐min Ϫ1 when blue light-irradiated, although it was much less active (the reaction rate, 0.05 Ϯ 0.01 mol PP i ⅐mol protein Ϫ1 ⅐min Ϫ1 ) when green light-irradiated (Table 1 and Fig. 3 ). The activity of the light-activated SesA is comparable with the typical diguanylate cyclases (38) . Pyrophosphate was not produced when ATP was supplied instead of GTP.
The level of the diguanylate cyclase activity for SesA prepared from the cyanobacterial system was strictly dependent on the wavelength of incident light (ϳ38-fold difference between the blue and green light-induced activities), whereas that for SesA from E. coli was less dependent (ϳ12-fold difference; Table 1 and Fig. 3) . Given that the SesA preparation from E. coli contains both PCB and PVB forms of SesA, the diguanylate cyclase activity of the PCB form may be less tightly regulated by the spectral wavelength than is the PVB form. Some PCB population may be impaired due to misfolding because PCB is not native chromophore for SesA. Alternatively, the major PVB population might also be partially disordered in E. coli cells, to exhibit less tight regulation. Taken together, the evidence indicated that the cyanobacterial system is the better one for production of SesA than the E. coli system.
The SesA diguanylate cyclase activity is much more strictly light-regulated than are the activities of other light-regulated GGDEF-and EAL-containing proteins (e.g. SL2, 2-fold difference (39); BlrP1, 4-fold difference (40) ; and the C-terminal fragment of Cph2, 2-fold difference (19)), suggesting that SesA is suitable for the study of light regulation mechanisms and as an optogenetic tool (41) . Recently obtained crystal structures of CBCR-GAF domains suggest that they form a helical bundle by dimerization and transduce their signals to their C termini via these helices (6, 8) . Dimerization of GGDEF domain proteins is necessary for their diguanylate cyclase activities (31, 42) . A structural study on SesA should reveal how light controls its diguanylate cyclase activity.
Generally, Mg 2ϩ is essential for diguanylate cyclase activity. The K d for SesA/Mg 2ϩ dissociation was 10.5 mM (Fig. 4) , which is a rather large value and may be similar to the physiological cellular concentration of Mg 2ϩ (43) . We previously reported that Mg 2ϩ suppresses the factor SigE activity by promoting the interaction of SigE and the subunit of the magnesium-chelatase ChlH in Synechocystis (44) . The availability of external Mg 2ϩ affects the c-di-GMP signaling pathway in Vibrio fischeri (45) . We anticipate that Mg 2ϩ fluctuations may influence c-di-GMP signaling in vivo in this cyanobacterium, although we cannot rule out the possibility that another divalent cation may be a native cofactor. Phenotype Analysis-c-di-GMP is generally implicated in multicellular processes, e.g. biofilm formation (20) . Although T. elongatus is not known to form a biofilm-related structure, T. vulcanus, a close relative, shows cell aggregation in a cellulosedependent manner at relatively low temperatures of 31°C under white light (26) . Sequence analysis revealed that SesA is indeed highly conserved between T. elongatus and T. vulcanus (Fig. 5) ; the GGDEF domain for diguanylate cyclase is identical, and the photosensory GAF domain has a single amino acid substitution, which is located in a peripheral region far apart from the chromophore and the signaling helices according to the crystal structure of TePixJ (6) . Thus, we assume that SesA of T. vulcanus is also the blue light-activated diguanylate cyclase, and therefore, we assessed its role for light-induced cell aggregation in T. vulcanus at 31°C.
We previously reported that the cell aggregation is a slow biological process that requires photosynthesis and cellulose production at low temperature (26, 27) . To support such background reactions, we irradiated cells with photosynthetic red light (30 mol photons m Ϫ2 s Ϫ1 ) and signaling blue or green light (5 mol photons m Ϫ2 s Ϫ1 ). Irradiation of wild type with only red light did not cause cell aggregation (Fig. 6 ). However, cell aggregation was induced under a combination of red and blue light but not under red and green light. Complete aggregation occurred after culturing the irradiated cells for ϳ24 h under red/blue light at 31°C. The cell aggregates were quickly (Ͻ20 min) and completely dispersed by cellulase treatment as reported (26) . Only blue light or green light did not induce the cell aggregation. Taken together, the blue light signal was responsible for cellulose-dependent cell aggregation. For the ⌬sesA mutant, however, blue light irradiation did not cause cell aggregation (Fig. 6 ), which suggests that SesA mediates the blue light-induced cell aggregation.
Cellulose accumulation via cellulose synthase Tll0007 is essential for cell aggregation under low temperature/light conditions (26) . Tll0007 has a conserved PilZ domain, which is a c-di-GMP receptor module (46) . Notably, the key residues that are involved in the c-di-GMP binding are conserved in the PilZ domain of Tll0007. When this PilZ domain was truncated from Tll0007, the blue light-induced cell aggregation was completely abolished (Fig. 7) . Knowledge of Step 2, c-di-GMP binds to the PilZ domain of Tll0007 to activate its cellulose synthase, as is known for the bacterial cellulose synthase BcsA (47, 48) .
Step 3, cellulose, which accumulates extracellularly, triggers cell aggregation. This description is the first example of a light-responsive c-di-GMP metabolism, and downstream c-di-GMP signaling to be fully modeled, in contrast with other studies on lightresponsive c-di-GMP signaling in bacteria (39, 40, 49, 50) . Many bacteria show blue light-activated surface attachment (51), biofilm formation (49), biofilm maturation (52), or blue light-activated inhibition of biofilm formation (53) , suggesting that a blue light-dependent lifestyle change is a prevalent phenomenon among bacteria (54) . Photoreceptors that are involved in the above examples belong to light-oxygen-voltage (LOV), blue light sensing using FAD (BLUF), or photoactive yellow protein (PYP) families and are activated by blue light and revert to their inactive state in the dark (1). They sense light and dark as signals for environmental acclimation. Conversely, Thermosynechococcus SesA senses two different wavelengths of light, i.e. it is up-regulated by blue light and down-regulated by green light. Photosynthesis is driven by visible light, but blue light also damages the manganese cluster of the oxygen-evolving complex of photosystem II in plants and cyanobacteria (55) . SesA seems to serve not as a light/dark sensor but as a spectral color sensor for a better phototrophic life. The cell aggregation is known to be effective in protection against photoinhibition by self-shading (27) .
The Pfam database (56) contains many PilZ domain proteins for which sequences have been deduced from various cyanobacterial genomic sequences. Mostly, these protein sequences are considered to be of cellulose synthases, although only Tll0007 has been experimentally investigated (26) . This evidence strongly suggests that c-di-GMP signaling mediates cell aggregation and biofilm formation via activation of a PilZ domain of a cellulose synthase that then produces cellulose or a related extracellular polysaccharide. Many reports have indi-cated that naturally occurring cyanobacteria produce various extracellular polysaccharides for the formation of sheaths or cellular mats (57) . Our results may provide the impetus for pioneering work that dissects the molecular mechanism for such properties. Biotechnological engineering of these regulatory systems would also be useful for production and harvesting of the photosynthetic biomass.
In conclusion, we identified that CBCRs regulate a sessile/ planktonic lifestyle transition besides chromatic acclimation and motility. We demonstrated that the CBCR SesA, acting as a diguanylate cyclase, induces Thermosynechococcus cell aggregation under the control of blue light and at a relatively low temperature. Two other CBCRs that have GGDEF/EAL domains (Tlr1999 and Tlr0911) have been identified in the genome of Thermosynechococcus. We reported that Tlr1999 photoconverts between blue-and teal-absorbing forms (30) . This evidence suggests that the ambient light signal should be independently perceived by the three CBCRs and then integrated into the c-di-GMP signaling pathway(s). Our data revealed an important role for SesA under our experimental conditions. Additional studies on these CBCRs should provide Photographs of wild-type (WT) T. vulcanus, its ⌬tll0007 mutant (⌬tll0007), and the mutant whose tll0007 lacks its PilZ domain (⌬pilZ) cultured at 31°C for 3 days and then incubated for 30 min without bubbling in the dark. The cells were cultured with irradiation with blue or green light (5 mol photons m Ϫ2 s Ϫ1 ) in addition to red light (30 mol photons m Ϫ2 s Ϫ1 ), which was needed for photosynthetic growth.
insight into how they work together in the natural habitat(s) of Thermosynechococcus.
